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The existence of multi-neutron systems has always been a debatable question. Indeed, both inter-
nucleon correlations and a large continuum coupling occur in these states. We then employ the
ab-initio no-core Gamow shell model to calculate the resonant energies and widths of the trineu-
tron and tetraneutron systems with realistic interactions. Our results indicate that trineutron and
tetraneutron are both unbound and bear broad widths. The calculated energy and width of tetra-
neutron are also comparable with recent experimental data. Moreover, our calculations suggest
that the energy of trineutron is lower than that of tetraneutron, while its resonance width is also
narrower. This strongly suggests that trineutron is more likely to be experimentally observed than
tetraneutron. We thus suggest experimentalists to search for trineutron at low energy.
I. INTRODUCTION
Few-body multi-neutron systems are located close to
the neutron drip line. Thus, they provide us with a
unique laboratory to understand nuclear properties at
drip lines [1–3] and nuclear forces in the absence of
Coulomb interaction [4].
Tremendous efforts have been made during the last
few decades to understand few-nucleon systems, in par-
ticular few-neutron systems [5–7]. Earlier experiments
failed to find positive evidence for the existence of multi-
neutron systems (see a short summary in Ref.[5]). In
2002, Marque´s et al. reported that a bound tetraneu-
tron was observed in a breakup reaction of the 14Be →
10Be+4n channel [7]. After that experiment, several the-
oretical attempts were performed to examine the possi-
ble existence of bound tetraneutron, but all the calcula-
tions failed to reproduce experimental data [8, 9]. The
interest in multi-neutron systems has been resurrected
through an experiment where a candidate for resonant
tetraneutron was observed, whose resonant energy and
width were measured in the doubly charge-exchange reac-
tion 4He(8He,8Be) [6]: Er = 0.83±0.65(stat)±1.25(syst)
MeV and Γ ≤ 2.6 MeV, respectively. However, they hap-
pen to bear large error bars, so that the measurements
are compatible with a bound tetraneutron. Several other
experiments were then approved to reconsider measure-
ments related to tetraneutron [10–12].
There were numerous theoretical calculations taking
into account inter-nucleon correlations and high-quality
realistic nucleon-nucleon interactions in the frame of ab-
initio frameworks in recent years [8, 9, 13–19]. The ex-
trapolation of no-core shell model (NCSM) calculations
utilizing the realistic two-body JISP16 interaction with
a harmonic oscillator (HO) basis showed that tetraneu-
tron is located near 0.8 MeV above threshold and that
its width is about 1.4 MeV [13]. Recently, NCSM calcu-
∗ frxu@pku.edu.cn
lations performed in larger model spaces provided with
two resonant states of tetraneutron, at 0.3 MeV and 0.8
MeV, of widths about 0.85 MeV and 1.3 MeV, respec-
tively [20]. Calculations have also been done in the frame
of no-core Gamow shell model (NCGSM), using the den-
sity matrix renormalization group (DMRG) method and
natural orbitals (n.o.) [15]. It was speculated that the
resonance width of tetraneutron is larger than 3.7 MeV,
so that the formation of a nucleus therein is precluded.
However, the calculations were incomplete, as they could
be performed only in truncated model spaces or with un-
physically overbinding interactions, so that no definite
conclusion could be made [15].
The quantum Monte Carlo (QMC) framework has been
used to calculate multi-neutron systems based on local
chiral interactions via an extrapolation of bound states
(obtained with a confining auxiliary potential) to the
physical domain of unbound multi-neutron systems. The
calculations predicted that the trineutron is located at
1.11 MeV, below the energy of tetraneutron, at 2.12
MeV [14, 21]. The Faddeev method has also been em-
ployed for that matter [16–19]. The latter calculations
suggested that the existence of multi-neutron resonances
can only be obtained by strongly modifying standard nu-
clear forces, which is incompatible with our current un-
derstanding of nucleon-nucleon interactions [19]. The cal-
culations of Ref.[13–15] showed that multi-neutron sys-
tems are sensitive neither to various realistic interactions,
in the presence or absence of three-body forces, nor to
the momentum cutoff present in renormalization group
methods. In this paper, we will then present a nearly
exact study of trineutron and tetraneutron systems em-
ploying ab-initio NCGSM [15, 22]. Indeed, NCGSM com-
prises both a consistent treatment of many-body cor-
relations and coupling to the continuum by using the
Berggren ensemble [23]. Both the resonant energies and
widths of the trineutron and tetraneutron systems will
be presented.
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2II. THE METHOD
A resonance state, which represents a decaying pro-
cess, is time-dependent. However, the exact treatment
of time-dependence is difficult to handle theoretically in
many-body system (see Ref.[24] for examples of time-
dependent shell model calculations in light nuclei). In
order to be able to consider many-body resonance states
in a time-independent framework, it is convenient to re-
formulate the Schro¨dinger equation in the complex mo-
mentum plane. For this, one uses the Berggren basis,
comprising bound, resonant and scattering single-particle
(s.p.) states. The time dependence is then taken into ac-
count by removing the hermitian character of the Hamil-
tonian, so that eigenvalues become complex. The imag-
inary part of the energy is indeed proportional to the
decay width [23].
The completeness relation, introduced by Berggren
[23], reads,∑
n
|φnj〉〈φ˜nj |+ 1
pi
∫
L+
|φj(k)〉〈φj(k∗)|dk = 1, (1)
where φnj are the Berggren-basis pole states of bound
and decaying character, and φj(k) is the scattering state
belonging to the L+ contour of complex momenta. In
practical calculations, the integral in Eq.(1) is discretized
by means of an appropriate quadrature rule (the Gauss-
Legendre quadrature in our case).
In the present work, we employ the NCGSM method
to calculate multi-neutron systems. Many-body states
are the linear combinations of the Slater determinants
|SDn〉 = |u1, ...., uA〉, where uk is a bound, resonant or
non-resonant (scattering) state. The Hamiltonian ma-
trix in the NCGSM is complex symmetric and bears
complex eigenvalues. Coupling to the continuum is then
present at basis level, and many-body correlations occur
through configuration mixing [15, 22, 25–27]. The widths
of the eigenstates obtained in NCGSM take all particle-
emission channels into account, so that they are total
decay widths. Conversely, other methods, as those using
Faddeev-Yakubovsky equations [17] and NCSM calcula-
tions [13], need to consider all partial decay processes to
calculate the total decay width.
The initial realistic Hamiltonian reads,
H =
1
A
A∑
i
(pi − pj)2
2m
+
A∑
i<j
V i<jNN (2)
where V i<jNN is a realistic two-body nucleon-nucleon inter-
action.
We are looking for the NCGSM eigenstates which give
the resonant multi-neutron states in physics. In the
NCGSM calculations, the lowest eigenvalue is unphysical
in general. Indeed, it is usually a many-body scattering
state. To find the physical lowest state from the scat-
tering states in NCGSM calculations, we use the overlap
method [28]. It consists in identifying physical states
by searching for the eigenstates which bear the largest
overlap with those arising from the pole approximation
[28] in which the valence configurations are built from
the pole space of the Berggren basis [28]. The Lanczos
method is indeed sufficient to calculate eigenstates at the
pole approximation level. However, the overlap method
based on the pole approximation is insufficient for multi-
neutron systems due to the extremely strong coupling to
the scattering basis states.
In order to be able to identify physical resonant states
of multi-neutron systems, we added an auxiliary Wood-
Saxon (WS) potential to the Hamiltonian of Eq.(2). It
reads VWS-aux(r) = Vaux/[1 + e
(r−Raux)/aaux ], where the
depth Vaux will vary from a finite value to zero, the radius
Raux is fixed at 4 fm and the diffuseness aaux is equal to
0.65 fm. The auxiliary WS potential thus confines the va-
lence neutrons in an external trap. This method has been
employed in the QMC framework [8, 14] to extrapolate
the energies of the multi-neutron systems from negative
energies to the physical region. The precision of obtained
extrapolation has been checked to be nearly exact for
the dineutron system [21]. In the present calculations,
both resonance and continuum channels are included,
and hence we can calculate the energies of multi-neutron
systems in the physical region and give the resonance
widths of multi-neutron systems. The convergences of
model spaces have been also well tested to obtain precise
results. We checked as well that no new particle-emission
channel opens when decreasing Vaux, so that the used
method for Vaux → 0 is justified.
We firstly obtain many-body bound states of multi-
neutron systems using the auxiliary WS potential. Then,
Vaux is slowly diminished, so that the former states can be
used as reference states in the overlap method of Ref.[28].
One can then determine the physical multi-neutron sys-
tems by iteratively using the previously calculated many-
body eigenstates as reference states, smoothly decreasing
Vaux until Vaux = 0. A similar technique was used in the
NCGSM calculations of Ref.[15] to identify broad res-
onance in tetraneutron, where overbinding interactions
were used instead of a confining auxiliary WS potential.
III. CALCULATIONS AND DISCUSSIONS
In the present work, the s.p. Berggren basis is gener-
ated by a finite-depth WS potential including spin-orbit
coupling. The parameters of the WS potential read R0
= 1.9 fm for its radius, a = 0.67 fm for the diffuseness,
Vls = 9.5 MeV for its spin-orbit strength and V0 = −27
MeV for the central depth. With those parameters,
the 0s1/2 and 0p3/2 orbitals are bound states, and the
non-resonant scattering partial waves consist of the L+
contours (in the complex momentum space) defined by
the coordinate points (0, 0), (0.25,−0.24), (0.5, 0.0) and
(4.0, 0.0) (all in fm−1). Each segment of the contours
L+ is discretized with 15 points. We employ the chi-
ral two-body interaction N3LO [4], renormalized by the
3way of the Vlow-k method using a momentum cutoff Λ
= 2.1 fm−1. The results for multi-neutron systems have
been checked to be sensitive neither to the realistic nu-
clear forces used nor to the cutoff of the renormalization
method [14, 15]. This is partly due to the dilute den-
sity of multi-neutron systems, as noticed in Refs.[14, 15].
We have also checked the basis-dependence by changing
V0 for trineutron. The trineutron energy varies by only
about 50 keV if V0 changes by a few MeV. Therefore, ba-
sis dependence is negligible in our calculations. We take
a model space composing of the s1/2 and p3/2 partial
waves using the Berggren basis, while the other partial
waves, i.e. p1/2, d, f and g9/2, are represented by HO ba-
sis states. All HO orbitals satisfy Nmax = 2n + l ≤ 20.
The oscillator length for the HO basis is b = 2 fm. It
has been checked in Ref.[15] that calculations are almost
independent of the length parameter and of the inclusion
of other partial waves.
A complete diagonalization of the Hamitonian for
trineutron can be done using the model space described
above using NCGSM. However, it is not possible for
tetraneutron because of the huge model dimension and
strong coupling to continuum basis states. The full model
space is then called the large space. Calculations in
NCGSM-3p3h truncated model spaces, i.e. with three
neutrons occupying scattering basis states at most, can
be done. Thus, in order to obtain nearly exact (NCGSM-
4p4h) results for tetraneutron, we first did calculations in
a model space bearing fewer high lying orbitals, defined
by taking all the s1/2 and p3/2 Berggren basis states, two
HO shells for p1/2, d and one HO shell 0f and 0g9/2 for
the remaining partial waves. Calculations without trun-
cations can then be effected in this model space. This
model is deemed as the small space. By comparing the
results obtained with NCGSM-3p3h and NCGSM-4p4h
in the small and large spaces, using n.o. with Vaux < −1.5
MeV with NCGSM-4p4h in the large space, we could get
an estimate of the error made on energy and width for
tetraneutron (see Fig. 1). We checked that the use of
n.o. provides virtually the same results as the Berggren
basis in small spaces using NCGSM-4p4h. Note that
n.o. could not lead to stable results for Vaux ' 0 MeV due
to the very large width of tetraneutron, a phenomenon
also present in Ref.[15]. We notice that energy is about
360 keV too unbound in the small space with either
NCGSM-3p3h or NCGSM-4p4h. We also remark that
the width is about 380 keV too broad in the unbound
region of tetraneutron. These estimates are almost in-
dependent of Vaux . Consequently, in order to estimate
the energy and width of tetraneutron in the large space,
we calculate the energy and width of tetraneutron in the
small space without truncations and remove 360 keV for
energy and 380 keV for width from the latter values, re-
spectively. We can then assume that the exact energy
and width are nearly the same as with this ansatz.
For the four-neutron system, when the strength of the
confining WS potential gradually weakens, the widths of
resonances increase quickly. Moreover, the differences of
energies using NCGSM-3p3h and NCGSM-4p4h model
spaces also become gradually larger therein. These re-
sults suggest that, in general, resonances bear a strong
coupling to the non-resonant continuum, with the in-
duced configuration mixing becoming more and more im-
portant when the width increases. Thus, coupling to con-
tinuum should be considered properly in the treatment
of nuclei close to drip-line [25, 29–31].
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FIG. 1. Evolution of the energies and widths of trineutron
and tetraneutron as function of the depth of the auxiliary WS
potential in the small and large spaces with NCGSM-3p3h
and NCGSM-4p4h truncations, using either the Berggren or
n.o. basis (see text for definitions). n.o. has been used in
NCGSM-4p4h space for Vaux < −1.5 MeV as calculations
become unstable afterwards. The width of tetraneutron has
been decreased by a factor 3 for readability on the figure.
Trineutron results have been obtained without truncations.
The experimental datum [6] for tetraneutron is also shown.
The final results for the three-neutron and four-
neutron systems, i.e., for which Vaux = 0, and with tetra-
neutron energies and widths modified by 360 keV and
380 keV, respectively, following the method explained
above, as well as experimental data for tetraneutron, are
shown in Fig. 2. Our calculations provide with neutron-
unbound trineutron and tetraneutron, whose energies are
1.29 MeV and 2.64 MeV, respectively. We also predict
the widths of trineutron and tetraneutron to be Γ3n =
0.91 MeV and Γ4n = 2.38 MeV. The calculated energy
and width of tetraneutron are within the range of the ex-
perimental error [6]. Our calculations predict the energy
of the trineutron to be lower than that of tetraneutron
and that the width of the trineutron is smaller than that
of tetraneutron. Consequently, we suppose that trineu-
4tron should be more likely to be observed experimentally
than tetraneutron. We also compared our calculations
-1
0
1
2
3
4
En
er
gy
 (M
eV
)
Expt
This
 wor
k
GFM
C
NCS
M20
16
NCS
M20
18
Tetraneutron
Trineutron
FIG. 2. Calculated energies of trineutron and tetraneutron
by different models. The corresponding references are QMC:
[14], NCSM2016: [13] and NCSM2018: [20]. The experimen-
tal datum is from Ref.[6].
with other ab-initio predictions for multi-neutron sys-
tems, see Fig.2. The energies of trineutron and tetra-
neutron in our calculations are close to the extrapolated
results of the QMC calculations [14]. Moreover, our cal-
culated energy for tetraneutron is higher than that of
NCSM calculations, which is clearly due to the neglect
of continuum coupling in NCSM. The present prediction
of energy for tetraneutron is similar to that of K. Fossez
et al. [15]. Indeed, the extrapolation of energy aris-
ing from the DMRG calculation in Ref.[15] (where no
truncations are made) provides more or less with the
same tetraneutron energy as in our calculations. How-
ever, the predicted width for tetraneutron of Ref.[15] is
not consistent with ours. It was speculated therein [15]
that the width of tetraneutron is larger than 3.7 MeV,
whereas our calculation predicts a width of about 2.38
MeV. We explain this discrepancy from the fact that the
predicted width from K. Fossez et al. [15] was based
on a calculation effected in a NCGSM-2p2h truncated
space. Our present calculations have shown that the cal-
culated width of tetraneutron decreases by considering
more correlations, i.e., by using the NCGSM-3p3h and
NCGSM-4p4h spaces.
IV. SUMMARY
In this paper, we utilized the ab-initio NCGSM frame-
work along with the realistic chiral two-body N3LO nu-
clear force to calculate few-body multi-neutron systems.
In the NCGSM framework, inter-nucleon correlations
and continuum coupling are taken into account. Our cal-
culations predict both trineutron and tetraneutron sys-
tems to be broad resonances, with energies equal to 1.29
and 2.64 MeV, and widths equal to 0.91 and 2.38 MeV,
respectively. The calculated energy and width of tetra-
neutron are both within the range of the experimen-
tal error [6]. Our results also show that the energy of
trineutron is lower than that of tetraneutron, and widths
present a similar tendency. As trineutron has smaller
energy and width than tetraneutron, one can suppose
that trineutron would more likely to be observed than
tetraneutron. We then encourage more experiments to
be carried out to study the trineutron resonance state.
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